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Abstract

In this work, comparisons between the behaviour predicted by different types of mathematical models are presented. The system studied
was the partial oxidation of methanol to formaldehyde, which occurs in a fixed bed reactor with two distinct zones: at the entrance the
catalyst is diluted with inert, followed by a region with pure catalyst. This type of distribution of the catalyst activity leads to different
temperature and concentration profiles, when compared with those obtained by a uniform activity bed. Parametric sensitivity is examined
for all the dimensionless parameters associated to the different mathematical models of the reactor. The parametric sensitivity analysis
shows that the system is particularly sensitive to the wall temperature and almost insensitive to the side reaction and mass transfer

parameters. © 1999 Elsevier Science S.A. All rights reserved.

1. Introduction

In the literature, several levels of sophistication of math-
ematical models have been proposed to study the behaviour
of fixed bed reactors, being grouped in two categories: the
pseudo-homogeneous (PH) models and heterogeneous (HT)
models. The PH models consider the catalyst at the same
conditions as the fluid and the HT models account for the
differences between temperature and concentration in the
bulk phase and temperature and concentration inside the
catalyst and at its surface. Each group of mathematical
models includes one- or two-dimensional models, in order
to take into account the gradients at the reactor scale in less
or more detail. Feyo de Azevedo et al. [1] reviewed concepts
concerning the modelling and operation of tubular fixed-bed
catalytic reactors and discussed alternative approaches to
classical models. Pereira Duarte et al. [2,3] studied the
performance of different models of fixed-bed catalytic reac-
tors. Rosendall and Finlayson [4] refer criteria to estimate
the importance of various phenomena, including heteroge-
neous effects, density variations, radial dispersion and axial
dispersion, pointing out that they can be either significant or
negligible depending on the particular cases under analysis.
Also Martinez et al. [5] established general criteria, in order
to allow a better choice of a reactor model to fulfill the
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objectives of simulation studies. They pointed out that the
difference between complex and simple models is, in many
cases, of the same order of magnitude as the difference
generated by the uncertainty of the parameters. Papageor-
giou and Froment [6] showed the importance of the packing
structure of the reactor due to significant variation of the
void fraction in the radial direction.

In this work steady state models are considered with
catalyst dilution of the packing as used in industrial practice.
As shown by Froment [7], Pirkle and Wachs [8] and
Taniewski et al. [9] the effect of diluting the catalyst, in
the first region of the reactor bed with inert packing, makes
the heat removal easier and the catalyst bed more effectively
used. As a consequence the hot spots are lower and the
region of high temperatures are more spread along the
catalytic bed. Also, Sofekun et al. [10] studied the effect
of the catalyst dilution and presented mathematical equa-
tions in order to compute the influence of the dilution on the
reactor behaviour. Melis et al. [11] investigated the distribu-
tion of the catalyst in order to obtain an optimum behaviour
of the reactor, when heterogeneous and homogeneous reac-
tions take place simultaneously.

Since Nir and Pismen [12] studied the influence of the
additional mass transport by intraparticle convection, many
other studies have been carried out in this area. Rodrigues
et al. [13] revisited the intraparticle convection and Quinta
Ferreira et al. [14] studied the dynamic behaviour of the
fixed bed reactors taking into account that mechanism. In
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this work, the intraparticle convection is also analysed,
mainly in what concerns the sensitivity analysis.

Sensitivity analysis provides a systematic framework to
study the accuracy and robustness of mathematical models.
Ungureanu et al. [15] refer that the aim of sensitivity
analysis is to study the influence of small variations of an
independent variable (parameter) of the system on a depen-
dent variable (state variable). Parametric sensitivity analysis
was first introduced by Tomovic and Vukobratovic in the
early 1970’s, and since then, it has been applied to numerous
fields of engineering as a tool for model building and
validation. As pointed out by Caracotsios [16] and Leis
et al. [17], potential areas of application in chemical engi-
neering are: model discrimination, optimisation, control
system design, parameter estimation, model simplification,
process sensitivity and multiplicity and experimental
design. In fact, a valuable information can be obtained
when parametric variations are calculated, such as the
significance of the various parameters, allowing then an
easier choice between different mathematical models. Sev-
eral studies have been carried out in this area. Atherton et al.
[18] performed a statistical sensitivity analysis of models for
chemical reactors, which allowed to determine the effect of
errors in the parameters on the solution of the kinetic
equations for a reactor model. Demiralp and Rabitz [19]
and Yetter et al. [20] showed that a family of derived
sensitivities can be obtained from the elementary ones,
and a considerable increase of the usefulness of the sensi-
tivity approach can be reached by this way. Yetter et al. [20]
showed how a model originally consisting of 52 elementary
reactions and 12 chemical species can be reduced in size to
10 reactions and eight chemical species and still predict the
rate and the concentration of CO oxidation correctly. Kipar-
issides and Mavridis [21] studied the high-pressure poly-
merisation of ethylene in tubular reactors. They analysed the
effects of design, and the operating and kinetic parameters
on the reactor performance. It was shown that the sensitivity
analysis can lead to a systematic search for selecting the
optimal operating conditions that maximise the reactor
productivity. Seferlis and Hrymak [22] developed a meth-
odology for sensitivity analysis in on-line process optimisa-
tion. They pointed out that the main interest concerns the
study of the changes induced in the optimal values of
variables and objective functions under multiple simulta-
neous parameter perturbations over an expected range of
uncertainty. Among others, Rabitz et al. [23] presented the
state of the art concerning the sensitivity analysis.

The main objectives of the present paper are centered on
the analysis of the behaviour of a fixed bed reactor indust-
rially used for the partial oxidation of methanol to formal-
dehyde, where the catalytic bed includes two zones of
activity, being partially diluted with inert particles at the
entrance of the reactor. Different types of mathematical
models were used, one- and two-dimensional models and
HT and PH models. A sensitivity analysis was performed in
order to evaluate the effect on the process behaviour of the

variation of the dimensionless parameters included on the
different reactor models.

2. Mathematical models

The system investigated in this work was the partial
oxidation of the methanol to formaldehyde over iron/molyb-
denum oxides catalyst. The main reaction is the partial
oxidation of methanol to formaldehyde, which can be
followed by a side reaction involving the partial oxidation
of the formaldehyde to CO and H,O. Industrially, these
reactions take place at 1.4 atm and 257°C and the feed
methanol mole fraction is 7.5% and these were the operating
conditions used in this work.

The reactor modelling considers a single tube with a
length of 0.75 m, which is divided into two zones: a less
active bed in the first region (0.2 m of diluted catalyst with
50% inert) and a second zone with pure catalyst (0.55 m).
This type of distribution of the catalyst allows mild heat
generation and also a lower parametric sensitivity when
compared with uniform activity reactors.

The reaction of partial oxidation of methanol to formal-
dehyde has been widely studied. In literature several kinetic
models for the main reaction following an oxidation—reduc-
tion mechanism can be found [24-27]. We have selected the
kinetic model proposed by Dente et al. [24] according to our
comparative results between simulated and industrial pro-
files. For the undesirable consecutive reaction, only a few
authors have presented a kinetic model [27,28]. We chose
the kinetic expression proposed by Dente and Collina [28]
also based on a comparison between some industrial profiles
and our simulation data.

In this work, different reactor models were used: one-
dimensional PH model (PH1D), one-dimensional HT mod-
els with intraparticle diffusion and convection (HT1Dg.) or
with intraparticle diffusion only (HT1Dy), and also two-
dimensional HT models with intraparticle diffusion and
convection (HT2Dy,.) or including only intraparticle diffu-
sion (HT2Dy). These mathematical models are based on
common assumptions: constant pressure in the reactor,
constant values for physical and transport properties, con-
stant wall temperature, constant bed porosity, flat radial
velocity profiles (plug flow) and constant catalyst activity in
each catalytic zone.

In our work we have considered the effect of temperature
and chemical expansion on the variation of the gas velocity
along the bed.

2.1. One-dimensional HT models (HT1D,., HTID,)

For highly exothermic processes with severe operating
conditions, not accounting for the heterogeneity of the
catalytic bed may lead to inaccurate model predictions.
In this model we assumed isothermal particles, and the
mechanism of mass transfer inside the solid could have one
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Table 1
Dimensionless equations for the one-dimensional HT model, with diffusion and convection inside the catalyst, HT1Dg.
Fluid phase
d(u*f;
Mass balance (u'fiv) = Da a;Reln; 1)
dZ* 7
do, 2 .
Energy balance o= Da ]:Zl BiRej7); + Ny (0 —0y) ()
Initial conditions: 7 =0, fir = Civo/Cmoo, Oy = Too /T, 3)
Fluid/particle interface 2
Mass balance —Nfi(fip—fis) = Da Z i jRejn; “
=1
2
Energy balance Nfy(0s—6h) = Da Z BjRejn; ®)
=1

Catalyst particle &, ! 2
Mass balance dr;"f —2Am, = + 447, ; i Ref =0 (6)

o =05 fip =Jis
Boundary conditions b e @)

= L; ftp :fi,s

J =number of the reaction
i = methanol; formaldehyde

Model parameters

Nfu=95.5; Nfy= 100.4; Nfy = 118.7; Ny = 11.49; Da=1.04 (2.08) B, =0.729; B, = 1.071; 0 = 1.0; Amat = Amp= 10 (for HT1Dge model); Ay =

Amr =0 (for HT1D4 model); ¢n o = 0.57; ¢p, = 0.55

# Damkohler number is 1.04 on the first zone of the reactor and 2.08 on the second zone.

or two contributions: only diffusion (HT1D4 model), or
diffusion and convection (HT1Dy. model). In the external
particle film we considered both thermal and mass resis-
tances. The mathematical model HT 1D4. equations and the
dimensionless parameters are written in Table 1 and the data
of the system are referred in Table 2. To obtain the HT 1Dy
model, mass intraparticle Peclet numbers A, ; in Eq. (6) will
be zero (\,; =0, i = CH;0H, CHOH).

2.2. One-dimensional PH model (PHID)

This model neglects inter and intraparticle resistances,
which leads to the same temperatures values for the bulk and
solid phases and, therefore, has been widely used, due to its
mathematical simplicity. The corresponding dimensionless

Table 2
Data of the system studied

Reactor (a single tube)

Length L=0.75m
Diameter of the tube di=0.021 m
Porosity ep,=0.5

a,=1285m™!
pp = 1100 kg/m?
P = 550 kg/m®

Specific particle area
Bulk density (pure catalyst)
Bulk density (diluted catalyst)

Catalyst

Equivalent diameter (volume/area) dpe =2.33 X 103 m
Density Pp = 2200 kg/m®
Porosity ep=0.5

Slab half thickness Ry=039 x 10 m

equations can be obtained from the equations of the fluid
phase presented in Table 1 for the HT1Dg4. model (Egs. (1)-
(3)) by assuming the effectiveness factors of the catalyst
particles equal to one (Egs. (1)-(2) n;=1 (j=1, 2)). The
dimensionless parameters in this case are only Da, By, B,,
N,, and 0,,, which have the same values as those indicated in
Table 1.

2.3. Two-dimensional HT models (HT2D,., HT2D,)

Since the process is exothermic, significant radial tem-
perature profiles can be observed, and therefore, bidimen-
sional models must be used. The contribution of the solid
phase to the thermal transport which can be important [29]
was taken into account by using an effective thermal radial
dispersion parameter, A, calculated through the correlation
proposed by Dixon and Cresswell [30]. The equations of the
HT2D,4. model are those indicated in Table 1, for the one-
dimensional model, replacing now Egs. (1)-(3) for the
following Eqgs. (8)-(10c):

oWfip) L* 1 1 0 [, 0Ofip
M b 1 2 —_ _ * s
ass balance o R Po 7 O ; o
2
+Da ) aiRejy, ®)
j=1
Energy balance %—L_zil 9 e 90y
gy oz* - th Pey, 1 or* or*

+ Da

2
BiRel, )

j=1
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” ” Cibo Tpo
Initial dit *=0 b = ——, 0, =2
nitial conditions  z , fiv Crro b T

(10a)
af; 00
Boundary conditions  r* =0, it ="2_p
or*  or*
(10b)
p— 1| Ui/ Or =0 (10c)

faﬂb/(?r = Biw(beGW) ’

The dimensionless model parameters in this case are
Pey=2791.3; Nfu=955; Nfgr=1004; Pe, =8524;
Nf,=118.7; Da=1.04 (2.08); B;=0.729; B,=1.071;
Bi,, =1.263; 0, =1.0; o/ =5102. When the radial Peclet
numbers are defined as function of the particle diameter,
their values are Pey,(dpe) = 8.7 and Pey,(d,e) = 2.6.

3. Numerical methods

The model equations for the PH1D are ordinary differ-
ential equations, ODE’s, and for the HT1Dg4. and HT1Dy
models a system of differential and algebraic equations is
obtained, DAE’s, since the fluid/intraparticle resistances are
represented by algebraic equations. Being one of the objec-
tives of the present work focused on the calculation of the
sensitivity coefficients, the DDASAC package was used
[31], which is an extension of DASSL code, developed
by Petzold [32].

Leis and Kramer [33] referred that the simplest approach
to determine the sensitivity of a mathematical model
involves one-at-a-time parameter perturbation and repeated
resolution of the model. However, nowadays, there are some
sophisticated algorithms to solve the sensitivity equations.
Those authors classified the different algorithms into two
general categories: sequential methods and simultaneous
methods. Caracotsios and Stewart [31] tried to exploit the
advanced status of implicit integrators to develop a robust
software to perform the computation of sensitivity functions
for general systems of mixed algebraic and differential
equations, namely DDASAC, taking advantage of the simi-
larity between the sensitivity and state equations.

To solve the model equations, PDE’s, and calculate the
sensitivities functions for the bidimensional models (HT2Dq4
and HT2D,.), orthogonal collocation on finite elements was
used to discretize by hand the radial coordinate of the
reactor, being the methodology of this discretization
detailed elsewhere [34]. The resulting system of DAEs
was also solved by the package DDASAC. The number
of collocation points is critical in adjusting the velocity of
the calculations. As pointed out by Windes et al. [27], and
also confirmed in the present work, two radial finite ele-
ments (each one with two points of collocation) is a good
compromise between the quality of the solution and the
computing time. To solve Eq. (6), in order to obtain intra-
particle concentration profiles to be used in the calculation

of the effectiveness factors of the catalysts for the HT
models, we also used the method of orthogonal collocation
on finite elements.

The mathematical models previously mentioned could be
written in the general following way:

Eu'(1) = f(t,u(t); ) (1D
Initial condition u(t = t,) = to(¢) (12)

where u is an n-dimensional vector of state variables, ¢ is an
m-dimensional vector of time-independent parameters and
E is an x n matrix of constant coefficients. Caracotsios and
Stewart [31] defined the n x m matrix W(z) of the sensitivity
functions as
ou(t)

W(t) = 90 13)
This matrix can be derived by partial differentiation of the
state equations with respect to the parameter vector ¢. Since
the reactor equations are integrated in the axial direction, a
sensitivity matrix for each axial point z is determined and so,
sensitivity axial profiles were obtained. In some circum-
stances, it is also convenient to analyse the normalised
sensitivities profiles, which are defined through the Eq. (14).

¢; Ou
Stuso) = 200

The advantage of the normalised coefficients rather than the
non-normalised ones is related to their relative character,
and then they can be directly compared with each other.

As referred by Yetter et al. [20]. Kiparissides and Mavri-
dis [21], Leis et al. [17] and Ungureanu et al. [15] these
coefficients represent the percentage variation in u; due to a
positive percentage variation in ¢; for a linear approxima-
tion. Then, for small perturbations on the parameters, we
could approximate the sensitivity coefficients by:

(14)

auk N Auk

kT 15
96, 8o, (>
and then it can be found that:

Uko
B = =28 3 ) A, (16)

So, once the matrix sensitivities are known, it would be
possible to calculate the state variables variation after a
known variation on the parameters, ¢;, only in the case of
small variations. From the above equation, it can be found in
those circumstances an analogy between the sensitivity
concept and the steady state gain, because both have iden-
tical properties: they represent a ratio between two quan-
tities and admit linearity.

4. Computer results

The steady state behaviour of a fixed bed reactor, where
the methanol oxidation takes place, was studied by solving
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Fig. 1. (a) Axial solid temperature profiles predicted with different
mathematical models: PH1D, HT1Dy, HT1Dy., HT2D4, HT2Dq; (b)
Radial solid temperature profiles predicted with HT2Dy model.

different types of mathematical models: PH1D, HT1Dy,
HT1Dg., HT2D4, HT2Dy..

Fig. 1(a) shows the steady-state axial profiles for the
catalyst temperature, predicted by the different reactor
models and as can be seen the results of the HTI1Dy,
PH1D and HT2Dy (radial mean) are quite similar, for this
moderate steady state conditions (industrial conditions).
Although the simulations of the bidimensional model
HT2D4 predicted significant radial temperature profiles
(=~50°C), Fig. 1(b), the radial mean values are close to
those obtained by the HT1D4 model. Therefore, the more
complex model (HT2D model) has to be used when the
knowledge of the local parameters of the system is required,
which can be important for the detection of the higher
temperatures of the bulk leading to a local deactivation
of the catalyst. The times required to compute those results
are very different depending on the type of the model used
for the simulations. Using a SUN SPARC 10/52 computer,
the time needed to solve the PHID model is only a few
seconds (3—4 s) and for the HT1Dy4 model a few minutes (4—
5 min). However, to simulate the HT2D4 model the time
spent is 30-35 min.

As can be seen from Fig. 1(a), and for the operating
conditions considered in this study, all the mathematical
models predicted hot spots located in the second zone of the
bed (packed with only catalyst particles). However, depend-
ing on the operating conditions, it is also possible to obtain

thermal profiles with a hot spot located in the first zone of
the catalyst bed, or even with two hot spots (one in each
zone). It is worth stressing that there is a wider zone of high
temperatures along the reactor with a lower hot spot when
compared to the case with pure catalyst along the entire bed,
since the heat released by chemical reaction in the diluted
region is not so intense as in the case where there is no
catalyst dilution.

As expected, the additional convective flow inside the
catalyst particles leads to an improvement of the catalyst
effectiveness factor, and consequently, the hot spots are
higher than those obtained with the other models consider-
ing only intraparticle mass flux by diffusion. Once again, the
predictions obtained for the mean radial values of the 2D
model, HT2D,., and those obtained with the 1D model,
HT1Dg, are in good agreement.

Fig. 2(a) represents the velocity profile for the PH model,
which shows an increase of 21% in the hot spot region. In
order to evaluate the effect of the film resistances, we
compared, in Fig. 2(b), the results obtained with the one-
dimensional HT model neglecting the resistances in the film
surrounding the catalyst particles and those obtained with
the complete HT model considering the external and inter-
nal resistances. For the hot spot region, the predictions point
out a thermal gradient in the film (difference between the
fluid temperature, Ty, and the solid temperature, T Fig. 2(b),
dashed lines) of 8 K. If this temperature gradient is

2.25
2.5
-
£ 2.05
\:’ =
1.95|-
18— L o L 1 0 4 ]
0 01 02 03 04 05 06 07
(@ Z(m)
630 Ts,
[ A
s10L Th\: N without film)
< 590F[
;: r '.,..-.--i
570 -
550 7
530’ i Il n Il L i I L . L n it
0 01 02 03 04 05 06 07

®) zm)

Fig. 2. (a) Axial profile of the gas velocity for the PH1D model; (b) Axial
temperature profiles predicted by the HT1D4 model with and without film
resistances.



154 M.M.J. Quina, R.M. Quinta Ferreira/Chemical Engineering Journal 75 (1999) 149-159

neglected, by neglecting the film resistances, the maximum
temperature of the catalytic bed, T}, (which is now equal to
T, Fig. 2(b), full line) will be lowered by 11 K. In spite of
being possible the use of a simple HT model considering
only resistances inside the particles, which is also pointed
out by the high values of the film transfer parameters, we
included on the mathematical models the film resistances
along the bed, since they represent a more realistic approach
to the system. The simplification of the model if the external
resistances were not considered could lead to a decrease of
1.1 min on the computational time. We would have then a
CPU time of 3.4 min (using a SUN SPARC 10/52 computer)
if external resistances were neglected instead of 4.5 min
when they are taken into account, which are quite reason-
able CPU times. For the two-dimensional models, if the
external resistances were neglected a higher decrease in the
CPU time would be obtained (53%, 14 min instead of
30 min) but the temperature differences predicted with
and without film resistances would also be higher (14 K
for the hot spot in the center of the reactor). Therefore, in
spite of being possible to use heterogenous models without
external resistances, these resistances were included in the
mathematical models used in the present work. However, if
the reactor models were included in a control analysis of the
system those gains in CPU times would be advantageous
and a strategy of neglecting external gradients would be
convenient.

From the model equations of Table 1, it can be observed
that the one-dimensional HT models (HT1D4 and HT1Dg,.)
are defined through several dimensionless parameters (Nfy,
Nfe, Nfw, Ny, Da, By, B;, 0,,) and state variables (fy.b, febs Obs
0s, fms» frs)- Among the state variables of the system, we are
going to analyse here only two of them (fy1 1, 6), since the
general conclusions obtained with the other variables are the
same.

For the feed temperature of 530 K, Fig. 3 shows the
normalised sensitivity profiles of the methanol concentra-
tion, fy b, related to all the model parameters, S(fyp; @:)-
From these results it can be concluded that for the operating
conditions studied, the most influent dimensionless para-
meters, on the methanol concentration profile, are 6, Da,

8 Nw
0
i 1
= 4k
RN
g ol ~N&
L Nff
3 B2
I Bw | Nfm
') AU SR I HANST EETU RO S
0 01 02 03 04 05 06 07
z(m)

Fig. 3. Normalised sensitivity profiles of the reactant concentration, fy
for various input parameters, ¢;=0y,; Da; Bi; Ny; Nfy; Nfs; Nfui; Bo.
Model HT1Dy; T, = 530 K.

B, and N,,, and those which are less influent are Nfy,, Nfu,
B>, Nfg. The wall temperature, 6, is the parameter with a
higher effect on the behaviour of the process, since it shows
more pronounced sensitivities. The jump observed on the
sensitivity profile related with Da on the transition between
the two zones of the reactor with different catalytic activity,
is due to its different values (in the second zone Da is twice
its value on the first part of the reactor). Since the numbers
of film transfer units are high, the predictions obtained with
the HT and PH models must be close, and a low influence of
these numbers is expected, not only on the methanol con-
centration but also on any other state variable.

One can also observe that some parameters lead to
positive sensitivity coefficients (Nfg, Nfi, and N,,) while
others originate negative sensitivity profiles (Nfy;, Da, By,
B, and 6,,). When a sensitivity coefficient is positive an
increase in the model parameter leads to an increase in the
corresponding state variable, and when it is negative an
increase in the parameter leads to a decrease of the state
variable. For instance, if the wall temperature, 6., increases
there is a higher consumption of methanol which makes its
concentration to be lowered and, contrarily, if N, increases,
the heat transfer at the reactor wall increases being then the
catalytic bed at a lower temperature with a higher methanol
concentration.

Fig. 4 shows the normalised sensitivity profiles of the
solid temperature, 6, related to all the model parameters,
S(0s; ¢;). We also included the normalised temperature
profile, 6,(z) in order to show that the maximum of the
sensitivity coefficients and the maximum temperature can
occur in different locations of the bed. However, the axial
sensitivity functions are strongly influenced by the tempera-
ture evolution along the reactor, the system being more
sensitive near the hot spot zone. At the inlet and outlet of the
reactor all the sensitivity functions are very small
(approaching zero), except the sensitivity of the solid tem-
perature related to wall temperature, S(6s; 6y,). In fact, the
dimensionless parameter 6, has a strong effect over all the
reactor length as seen before.

In this case, the hierarchy of the effect of the parameters
on the solid temperature profile is quite similar to their effect

13
12
1.16g
1.0
_0'55‘1‘NW.1‘1,1)141 0.9
0 01 02 03 04 05 06 07
z(m)

Fig. 4. Normalised sensitivity profiles of the solid temperature, 6, for
various input parameters, ¢; = 0y; Da; B1; Nyw; Nfv; Nfe; Nfui; Bo. Model
HT1Dy; T, =530 K.
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Fig. 5. Normalised sensitivity profiles of the solid temperature, 6, for
various input parameters, ¢; = 0y; Da; By; Ny; Nfy; Nf; Nfui; Bo. Model
HT1Dy; T, =570 K.

on the methanol concentration; 6, > B, Da, N, > Nf, > B>
> Nfy > Nfg. As it is possible to observe, the parameter
related with the secondary reaction, B, has a small effect on
the reactor behaviour, which allows us to conclude that for
the range of operating conditions studied, the effect of the
side reaction could be neglected. It is interesting to note that
the sensitivity functions change from positive to negative
and from negative to positive when they are calculated for
the methanol concentration (Fig. 3) and for the solid tem-
perature (Fig. 4). In fact, the evolution of these variables
goes in different directions, i.e., an increase in the catalyst
temperature leads to a higher consumption of the methanol
with the corresponding decrease of its concentration.

For a higher feed temperature, T, = 570 K, Fig. 5 shows
the sensitivity profiles of the solid temperature for all the
dimensionless parameters. We also included the solid tem-
perature profile, and as can be observed, for these operating

1.0 12.5
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05 [ E2.0
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conditions two hot spots can be found (one in each zone of
the reactor). The hierarchy of the effect of all parameters is
the same as mentioned above, being once more the wall
temperature the most important parameter for the reactor
behaviour. The sensitivity functions exhibit in this case
some numerical ‘noise’, which is due to the more strong
operating conditions. The influence of the side reaction, B,,
in spite of being somehow higher, is still not very signifi-
cant.

We have also considered the initial conditions as para-
meters in order to study their sensitivity functions, since
they can give important information regarding the behaviour
of the reactor. Fig. 6 represents sensitivity profiles for the
methanol concentration (in Fig. 6(a)), formaldehyde con-
centration (in Fig. 6(b)) and solid temperature (in Fig. 6(c)),
with respect to the inlet temperature. 7,. and to the inlet
methanol concentration, Cyy .. We also included in each case
the profiles of the state variable related with the correspond-
ing sensitivity profile, S(uy; @;), (Cmp(z) in Fig. 6(a), Crp(2)
in Fig. 6(b), and Ti(z) in Fig. 6(c)). For the range of
operating conditions analysed, it can be concluded that
the inlet conditions have a strong effect in the initial part
of the reactor. In the second part, the sensitivity decreases
when the distance from the reactor inlet increases, and at the
exit the sensitivity coefficients are nearly zero for the
methanol concentration and solid temperature but not for
the formaldehyde concentration.

Fig. 6(a) shows that when the inlet methanol concentra-
tion, Cy,, increases, the methanol concentration in the first
part of the reactor also increases (positive sensitivity coeffi-
cients), but nearby the hot spot Cy;}, decreases (negative
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Fig. 6. Normalised sensitivity profiles: (a) methanol concentration in the bulk (b) formaldehyde concentration in the bulk; (c) solid temperature, 6,; for

®i =furo and ¢; = 6,. Model HT1D,.
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sensitivity coefficients). This means that the rate of deple-
tion of methanol is higher when the inlet concentration is
also higher. An increase of the feed temperature, T, leads
also to the increase of the velocity of the reaction, and then
the methanol concentration decreases in the first part of the
reactor.

As can be seen in Fig. 6(b). the effect of an increase on the
feed temperature, T, leads to an increase on the formalde-
hyde concentration over the entire reactor and the same is
observed for the methanol concentration, Cy,. SO, an
increase of the formaldehyde concentration at the reactor
exit can be obtained by increasing the feed temperature and
methanol concentration while methanol is the limiting
reactant (however, it will be necessary to take into account
the explosion limits of the feed mixture). In fact, due to the
presence of the secondary reaction involving the depletion
of formaldehyde, it will be necessary to avoid the operating
conditions that can favour this reaction with respect to the
main reaction. Finally, Fig. 6(c) shows that an increase on
the feed methanol concentration, Cy,, leads to the tem-
perature increase in all the extension of the reactor, this
effect being more significant in the hot spot zone. The
increase of T, also originates higher temperatures in the
first part of the reactor (positive sensitivity coefficients) but
lower values on the second part. With higher feed tempera-
tures the reaction rate increases, and so the methanol
consumption is faster in the first part of the reactor. Con-
sequently, lower quantities of methanol will be present
down in the reactor, which will lead to lower reaction rates
and lower bed temperatures.

When an additional flux of mass is introduced inside the
catalyst particles by convection (A, ;= 10), an identical
behaviour of the sensitivity profiles is observed (Fig.
7(a)), with higher sensitivity coefficients until the hot spot
zone than the ones obtained before by considering only
intraparticle diffusion (Fig. 4). So, the system becomes more
sensitive, as can be observed in Fig. 7(b), where the sensi-
tivity profiles with respect to 6, are compared in both cases:
Am,; =10 and 0. In fact, when intraparticle convection is
taken into account more reactant enters the catalyst leading
to higher reaction rates with more heat released. However,
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Fig. 8. Normalised sensitivity profiles of the temperature for various input
parameters, ¢; = 6y,; Da; By; Ny; B,. Model PHID; T, = 530 K.

further in the reactor, the reactant quantity will be lower
which will reverse the situation in relation to the case where
only diffusion is considered, then the system becoming
more sensitive for A, ; =0.

The PH model (PH1D) is described by five parameters
(Ny, Da, B;, B,, 0,) which are also common to the HT
models (HT1Dg4, HT1Dy.). So, we can compare Figs. 4 and
8, and as can be seen, the sensitivity coefficients predicted
by the PHID model (Fig. 8) are similar to those obtained
with the HT models

In the two-dimensional model equations (HT2D, Egs.
(4)-(10c)) one can identify several dimensionless para-
meters Pe,,, Peyn, Nfvi, Nfe, Nfo, Biw, Da, B, B,, 6,, o).
Some of them are difficult to estimate, and so it will be
important to find out the effect of each one of these para-
meters in the state variables solution. The calculation of the
sensitivity functions for this model requires a considerable
amount of time, because the dimension of the problem is
much higher than for one-dimensional models. It is worth
noting that the six PDA’s, which describe the HT2D model,
lead to 30 DAE’s after discretization of the radial coordinate
by orthogonal collocation in two finite elements which were
solved by the DDASAC code. Since there are 11 dimension-
less parameters, the number of sensitivity equations that
have to be solved are 11 x 30, being the time required to
solve this problem ~30-35 min in a SUN SPARC 10/52
computer. Due to the bidimensional nature of the system
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Fig. 9. Normalised sensitivity profiles of the solid temperature, 6, on the
reactor axis for various input parameters, ¢; = 6y; Da; By; Nfy; Nfe; Nivis
By; Pey,,, Pey, Biy, o/. Model HT2D; T, = 530 K.

there is now a sensitivity matrix for each axial and radial
position. The simulation results showed that in general, at
the centre of the reactor, the sensitivity is higher than close
to the reactor wall. So, we will refer mainly the behaviour of
the sensitivities along the reactor axis.

Fig. 9 shows the sensitivity of the solid temperature with
respect to these 11 parameters. Once again, the most
important dimensionless parameter is the wall temperature
(6+), which must be chosen carefully. If we look at the hot
spot zone, we can establish the following ranking:
S(0s; Ow) > S(bs; By) > S(0s; Da) > S(0s; Pen,) and S(6; o) >
S(0s; Biy) > S(6s; Nfv) > S(0s; By) > S(0; Nfw) > S(0; Peryy) >
S(Os; Nfr).

Among the specific dimensionless parameters for the
two-dimensional models (Pey,, o/ Bi,, Pe,, the most influ-
ent in the reactor behaviour are Pey, and Bi,,, and therefore,
they must be calculated more carefully. The geometrical
parameter o has also a significant influence on the tem-
perature profile, and so it is important to choose thoughtfully
the reactor dimensions (L and R,,) in the design of the
system. On the other hand, the parameters related with mass
transfer (Nfuy1, Pemr, Nfg) do not have a great influence on the
reactor behaviour.

5. Conclusions

A model comparison and a sensitivity analysis have been
carried out by considering several mathematical models:
one-dimensional HT model which takes into account intra-
particle convection and diffusion (HT1Dgy.); one-dimen-
sional HT model which considers only intraparticle
diffusion (HT1D,); two-dimensional HT model with intra-
particle convection and diffusion (HT2D,.); two-dimen-
sional HT model where the only transport mechanism
inside the catalyst is diffusion (HT2D,); and one-dimen-
sional PH model (PH1D).

The computational study was based on the partial
oxidation of methanol to formaldehyde, which takes place
in a fixed bed reactor with a less catalytic active zone at
the entrance, obtained with the dilution of the catalyst

with inert packing, followed by a zone with only catalyst
particles.

The comparison between the predictions of the different
types of models showed a good qualitative agreement
particularly for the range of the operating conditions tested.

The computation time, on a SUN SPARC 10/52 compu-
ter, of the sensitivity coefficients is 3—4 s for the PHID
model, 4-5 min for the HT1D models and 30-35 min for the
HT2D models. This means that when the complexity of the
model increases, the difficulty to find out the sensitivity
coefficients could increase sharply.

The sensitivity analysis showed that the sensitivity func-
tions usually have a maximum and/or a minimum, which are
located in the zone of the hot spot. In general, at the exit of
the reactor, the sensitivity coefficients are very low (near
zero). The most influent parameter in all the state variables
is the wall temperature, so in the design of the reactor this
operating condition has to be chosen carefully. For the
operating conditions that were tested, the side reaction
has a small influence on the reactor behaviour.

The parameters that distinguish the PH models and the
HT models related with the interparticle resistances have a
small influence on the state variables. Moreover, the intra-
particle convection phenomenon leads to an increase in the
sensitivity of the system.

The simulation of the two-dimensional models showed
that the sensitivity of the state variables are generally higher
in the reactor axis, and the most important parameters are
the wall temperature, the radial heat Peclet number, the
Biot number and the geometrical parameter o/. The radial
mass Peclet number has a lower influence on the state
variables.

6. Greek symbols

o Geometrical parameter [L2/Rt2]

Q) Stoichiometric coefficient of component i, in
reaction j

AH Reaction heat, (J/mol)

€p Bed porosity

€p Particle porosity

i Model input parameter

bio Thiele modulus referred to the inlet conditions,
[Rp\/ ppRl,o/De,iCM,o]

n; Effectiveness factor referred to the reaction j

Aer Radial effective thermal conductivity (J/m s K)

Am.i Mass intraparticle Peclet number of component
i, [VoRp/De,i]

0 Dimensionless temperature, [7/7T,]

Obo Dimensionless feed temperature, [T o/7,]

0, Dimensionless catalyst temperature at the hot
spot conditions, [T max/T5]

0y Dimensionless wall temperature, [T,,/T,]

p Density (kg/m?)
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Subscripts

2mnoog\.~.»-n%gc‘

Bulk conditions in the fluid phase
Diffusion

Diffusion and convection
Formaldehyde
Component i

Reaction j

Methanol

Inlet conditions

Particle

Particle surface

Wall

Superscripts

@« goh %

Hot spot conditions or normalised variables
Fluid

Particle

Particle surface

7. Notation

Ap

ay

Specific particle area (m™")

Specific particle area (referred to the reactor
volume), [a, = (1-ep)A,] (m™")

Wall heat Biot number, [A,R/Ae.]

Adiabatic temperature rise for reaction j.
[(_AH)jCM,O/PfCPfTo}

Concentration of component / at the bulk (mol/m®)
Concentration of component i in the feed (mol/m®)
Feed methanol concentration (mol/m?>)

Heat capacity of the fluid (J/kg K)

Damkohler number, [Lp,R; o/116Ch o]

Effective diffusivity for component i in the
catalyst (mz/s)

Effective radial diffusivity (m?/s)

Equivalent diameter of the particle (volume/
area) (m)

Diameter of the reactor tube (m)

n X n matrix of constant coefficients
Dimensionless concentration of component i in
the bulk, [C;p/Chol

Dimensionless concentration of component i in
the particle, [C;/Cyo]

Dimensionless concentration of component i at
the catalyst surface, [C; o/Cpol

Dimensionless concentration of the methanol at
the inlet conditions, [Cp.o/Cumol

Film heat transfer coefficient (J/m? s K)

Wall heat transfer coefficient (J/m? s K)

Film mass transfer coefficient for component i
(m/s)

Reactor length (m)

N Number of film heat transfer units, [hsa,L/
uoprCpil

Nf; Number of film mass transfer units, [keayL/u,)

N, Number of wall heat transfer units, [4UL/dp:Cp;
U]

Pey, Radial heat Peclet number, [Lu,piCpd Ae;]

Pey,(d,.) Radial heat Peclet number based on particle
diameter [dpeltoprCpsl Ae;]

Pe,,, Radial mass Peclet number, [Luy/De,]

Pey(dy.) Radial mass Peclet number based on particle
diameter [dpetto/De]

Ref Dimensionless reaction rate j, inside the catalyst,
[ij/ R l,o]

Rejg Dimensionless reaction rate j, at the surface
catalyst conditions, [R;"/R,,]

Ri, Main reaction rate at feed conditions (mol/kg s)

RP Rate of reaction j inside the catalyst (mol/s kg.,,)

R’ Rate of reaction j at the surface catalyst
conditions, mol/s kg ,,)

R, Half thickness of the slab catalyst (m)

R, Reactor radius (m)

r Dimensionless reactor radial coordinate, [r/R]

p Particle coordinate (m)

o Dimensionless particle coordinate, [r,/2R,]

S(ui; ¢;) Normalised sensitivity of u; with respect to ¢;

. (=i wi(Ourd 0,)) ;
S0, ; ¢;) Normalised sensitivity of ¢, with respect to ¢,
. (=00.06,1060) .

s(0 ; ¢;) Non-normalised sensitivity of 6 with respect to
i (90,719))

Tvo Feed temperature (K)

T max Maximum catalyst temperature (K)

T e Radial mean temperature in the solid phase (K)

T, Feed temperature (K)

U Overall heat transfer coefficient (J/m? s K)

u Superficial velocity (m/s)

u Vector of the state variables

u' Dimensionless superficial velocity, [u/u]

Uy, State variable

Uk.o State variable at the inlet conditions

U Superficial velocity at the inlet conditions (m/s)

u, Initial conditions of the state variables

Vo Intraparticle fluid velocity (m/s)

w Sensitivity matrix, [Ou/0¢;]

z Reactor axial coordinate (m)

z Dimensionless reactor axial coordinate, [z/L]
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